INTRODUCTION
Fissile materials are materials that can sustain an explosive fission chain reaction. They are essential in all nuclear explosives, from first-generation fission weapons to advanced thermonuclear weapons. The most common fissile Notes: a 5000 deployed, plus 5000 awaiting dismantlement; b large uncertainty as to the number of warheads awaiting dismantlement. 
HIGHLY ENRICHED URANIUM
Only the United Kingdom and the United States have made public the total sizes of their stocks of HEU. Total U.S. production was 1,045 tons of HEU with an average enrichment of 82%. 3 The United Kingdom reported a stock of 21.86 tons as of March 2002. 4 Estimates of the remaining national holdings are generally quite uncertain. The estimated national stocks of highly enriched uranium as of mid-2008 are shown in Figure 1 . According to these estimates, the global inventory totals 1,670 ± 300 tons. More than 99% of the global HEU stockpile is in the possession of the nuclear weapon states. There are about 10 tons of HEU in non-nuclear-weapon states under IAEA safeguards.
The main uncertainty in estimating the global total is due to a lack of information on the Russian stockpile. It is possible to estimate the growth of Russia's HEU stockpile using installed enrichment capacity offset by the gradual rise in the use of this capacity to produce low-enriched uranium (LEU) for power-reactor fuel. This suggests Russia's estimated HEU production peaked at around 50,000 kg/yr in the mid-1970s (Figure 2 ). Based on the notional scenario shown here, total Russian HEU production was on the order of 1,300-1,400 tons (90% enriched). 
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Russia, the United Kingdom, and the United States each use HEU to fuel their submarine and (in the case of the United States) aircraft carrier propulsion reactors. France is shifting from HEU to LEU fuel for its nuclear submarines.
HEU is also used to fuel military and civilian research reactors and Russia's fleet of seven nuclear-powered icebreakers. The United States and the Soviet Union/Russia used and also supplied HEU to many countries for civilian research reactors and medical-isotope production as part of their Atoms for Peace programs.
In 1993, Russia contracted 500 tons of 90% enriched uranium in redundant Cold War warheads to be blended down to 4-5% U-235 to be sold to the United States for use as power-reactor fuel. As of June 2008, Russia had eliminated 337 tons of this weapon-grade HEU. 6 The deal is to be completed in 2013. In 1994, the United States similarly declared 174 tons of its weapon HEU excess and began to blend down most of it to low enrichment for use in U.S. power reactor fuel. In late 2005, the United States declared an additional 200 tons of HEU excess for weapons purposes. However, only 52 tons of this material will be blended down to low-enriched uranium. Of the remainder, 128 tons of weapongrade uranium will be reserved for U.S. and U.K. naval-reactor fuel and 20 tons for space reactors and research reactors. As of mid-2008, the United States had eliminated about 96 tons out of a total of 210 tons of highly enriched uranium earmarked for blend-down. 7 Little if any of this material, however, was weapongrade. Figure 3 shows the cumulative amounts of excess HEU blended down by Russia as part of the HEU deal and by the United States. 8 Victor Gilinsky, a former U.S. Nuclear Regulatory Commissioner, has revealed that "the CIA believed that the nuclear explosives in Israel's first several bombs, about one hundred kilograms of bomb-grade uranium in all, came from material that was missing at a U.S. naval nuclear fuel plant." 9 In addition, Israel may have produced enriched uranium in limited quantities, but information on this program is very limited. 10 Pakistan may be the only country producing HEU for weapons today. It is believed to have first achieved the capacity to produce a significant quantity of HEU in the early 1980s and to have built up its enrichment capacity, using its P-2 centrifuges, until 1990. 11 Pakistan continued to develop more powerful P-3 and P-4 centrifuges. These machines have estimated separative capacities two and four times that of the P-2, respectively. 12 Pakistan is estimated to have produced 1.6-2.8 tons of HEU by the beginning of 2008. 13 A value of 2 tons is used here as a central estimate for Pakistan's current stockpile of HEU.
Pakistan's annual HEU production capacity is constrained, however, by its limited domestic production of natural uranium (currently 40 tons per year) and the need to also fuel its Khushab plutonium production reactor, which requires about 13 tons per year. The natural uranium constraint will become more significant when the second and third production reactors at Khushab come on line. The three reactors will then require virtually all of the remaining natural uranium that Pakistan produces.
Naval HEU Use
France, Russia, the United Kingdom, and the United States use HEU to fuel submarine and ship propulsion reactors, and India is preparing to do so. France has almost completed a switch to LEU fuel for its nuclear navy. This assessment is based on the assumption that China uses low-enriched fuel only for its nuclear navy.
Toward the end of the Cold War, the Soviet Union and the United States each used annually about two tons of HEU for this purpose ( Figure 4 ).
14 Today, Russia uses about one ton (not all weapon-grade) and the United States two tons of weapon-grade HEU per year. The Russian icebreaker fleet accounts for a significant fraction of Russia's HEU consumption. Russia also uses HEU for fueling plutonium-and tritium-production reactors.
Future levels of HEU use for naval propulsion purposes are highly uncertain. The demand could drop if Russia phases out the use of HEU for its nuclear icebreakers (as assumed for the projection in Figure 4 ).
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Figure 4: Estimated annual HEU consumption in naval vessels. 14 The United States appears to be committed to maintaining its reliance on nuclear propulsion for its aircraft carriers and submarines, and possibly expanding it to include nuclear-powered cruisers. The 128 tons of HEU that the United States has set aside for military naval nuclear propulsion would be sufficient to fuel its surface ships and submarines for 40-60 years. In 2008, the U.S. Senate required the navy to study the possibility of LEU fuel for future nuclear powered ships. 15 In 1998, the United Kingdom declared an inventory of 21.9 tons of military HEU. 16 According to a 2002 U.K. government report, this inventory included 3.9 tons of HEU in 51 spent submarine reactor cores in pool storage in the U.K.'s Sellafield reprocessing complex. 17 Based on this information, one can estimate that about 1,000 kg of U-235 has been fissioned since 1998 and that, as of 2008, the amount of HEU in spent submarine reactors cores was about 4.5 tons.
India has been producing HEU to fuel its planned nuclear-powered ballistic missile submarine, the Advanced Technology Vessel. Construction on the vessel is near completion, with the reactor integrated into a submarine hull at the end of 2007, and plans are to begin sea trials in early 2009. 18 As of the end of 2007, India would need to have produced at least 400 kg of HEU (enriched to 45% uranium 235), to supply fuel for the land-based prototype reactor and the first submarine core. 19 Reports suggest India intends to deploy three nuclear submarines, each armed with 12 missiles, by 2015. 20 This would require the production of an additional 400 kg of HEU over the next five to six years. To reach this goal, India will need a larger uranium enrichment capacity. 21 India has been purchasing material for building additional centrifuges. Civilian Use of HEU HEU is used today as a research-reactor fuel in more than 130 civilian and military reactors worldwide (Table 2) . 23 In addition, HEU remains at sites of many shut down, but not yet decommissioned reactors. Taken together, the global inventory of civilian HEU reactor fuel is very roughly 100 metric tons, widely distributed around the globe. 24 These reactors are a legacy from competing U.S. and Soviet Atoms for Peace programs of the 1950s and 1960s.
Since 1978, an international effort has been directed at converting HEUfueled civilian research reactors to low-enriched fuel in the Reduced Enrichment for Research and Test Reactor (RERTR) program. Almost all new reactors designed since that time use LEU fuel. 25 By the end of 2007, the RERTR program had converted or partially converted 56 research reactors. The world's remaining research reactors consume about 800 kilograms of HEU per year-a significant reduction from more than 1,400 kg that were needed annually in the early 1980s (see Figure 5) . 26 Most of this reduction is due, however, to the shutdown of about 110 no-longer-required HEU-fueled research reactors rather than reactor conversions to low-enriched fuel.
In 2004, the U.S. Department of Energy responded to Congressional concern about how slowly the HEU-cleanout programs were moving by establishing a Global Threat Reduction Initiative (GTRI) into which its reactor-conversion and spent HEU-fuel take back efforts were merged. Figure 5 shows how the annual HEU demand could drop to very low levels by 2020 if this program achieves its ambitious objectives. 27 Recently, Russia has agreed to study conversion of six of its own research reactors. 28 Critical assemblies and pulsed reactors containing huge quantities of barely irradiated uranium are not yet formally being targeted by any of these cleanout efforts, however.
SEPARATED PLUTONIUM
The global stockpile of separated plutonium is about 500 tons. It is divided almost equally between civilian stocks and military stocks, including material declared excess but not yet disposed. Separated plutonium exists mostly in nuclear weapon states, but Japan and Germany also have significant stocks. Figure 6 summarizes the data. 
Weapons Plutonium
Russia and the United States possess by far the largest stocks of military plutonium: 120-170 and 92 tons, respectively. Russia has declared 34 tons, and potentially up to 50 tons, of its weapon-grade plutonium excess for weapon purposes. The United States has declared excess 54 tons of separated governmentowned plutonium, which includes 9 additional tons added to that category in September 2007. 29 The Russian and U.S. plutonium disposition projects have suffered many changes of plans and delays since they were launched in the mid-1990s. 30 There is great uncertainty about Israel's plutonium production. Based on information from Mordechai Vanunu, Frank Barnaby estimated that Israel had produced 400-800 kg of plutonium in its Dimona reactor already by the mid1980s. 31 But such a high estimate is based on the assumption that the thermal power of the reactor had been increased from its initial 26 megawatts (MWt) to 70 MWt, and eventually to 150-250 MWt.
If the power level of Dimona never exceeded 70 MWt, equivalent to a plutonium production rate of about 14-17 kg/yr, 32 by the mid-1980s, Israel's inventory of separated plutonium would have been in the range of 280-340 kg. By today, the reactor could have produced 560-680 kg. Assuming an average of 4 kilograms of plutonium per warhead, a stockpile of 600 kg of plutonium would be equivalent to an arsenal of 150 weapons. If the Dimona reactor is operated only for tritium production today, Israel could be reprocessing its spent fuel and separating the plutonium, but not using it to make weapons.
India continues to produce weapon-grade plutonium for weapons in its two production reactors, Cirus and Dhruva, at a rate of about 30 kilograms per year. It separates much more reactor-grade but weapon-usable plutonium from the spent fuel of its unsafeguarded pressurized heavy water power reactors (PHWRs). It may have separated about 6.4 tons of this power-reactor plutonium as of 2008. 33 A fraction of this plutonium is intended to fuel the Prototype Fast Breeder Reactor (PFBR), expected to be completed in 2010. The PFBR would consume reactor-grade plutonium but, in doing so, could produce over 140 kg a year of weapon-grade plutonium in the "blanket" of natural uranium surrounding the core. 34 India's annual domestic uranium production has been falling short of the combined demand from its growing nuclear power and military programs (including both the naval-propulsion and plutonium-production reactors). The average capacity factor for India's PHWRs fell from about 75% in 2003-04 to 44% in 2007-08, suggesting that the needs of the military reactors have been given a higher priority. 35 Pakistan continues to produce almost 12 kg per year of plutonium for weapons at its Khushab production reactor. 36 first plutonium-production reactor took about a decade to build. If the second and third reactors take as long, then they may be expected to begin operating around 2011-14. As already noted, operating at full capacity, the three production reactors would require as fuel almost all the 40 tons/year of uranium that Pakistan currently produces. In June 2008, North Korea is reported to have declared a plutonium inventory of 37 kg. 38 The U.S. government and independent analysts had previously estimated North Korea's plutonium stock as 30-50 kg. 39 
Civilian Plutonium
The global stockpile of separated civilian plutonium has been growing steadily for decades. From 1996, when all countries with civilian separated plutonium stocks-except India-agreed to publicly declare their civilian plutonium holdings annually to the IAEA, to 2007 the global stockpile rose from 160 tons to 240 tons, not including the plutonium declared excess for weaponuse by Russia and the United States.
More than 200 tons of the world's separated civilian plutonium, or 80% of the total, are stored at four sites in Europe and Russia. These are the French reprocessing and fuel-fabrication sites at La Hague and Marcoule, the British site at Sellafield, and Russia's Mayak facility.
Japan's Rokkasho reprocessing plant, which began active testing in 2006, continues to experience problems and is unlikely to begin commercial operation in 2008. Active testing was to have been completed in February 2008, but this was extended to July 2008 and then again to November 2008. 40 As a result of the testing, however, as of May 2008, the facility had separated about 2.7 tons of plutonium, which is stored mixed with an equal amount of uranium. 41 The United Kingdom began reprocessing in 1952 to separate plutonium for weapons. 42 By the end of 2007, the United Kingdom also had separated a total of over 100 tons of civilian separated plutonium from domestic and foreign spent fuel. This amount separated will increase to 133 tons if existing contracts are fulfilled, with commercial operations expected to end by 2020. These activities have left a large environmental and cleanup problem at the Sellafield site, with estimates of cleanup costs now running at about $92 billion. 43 The plutonium from foreign spent fuel, or equivalent U.K. plutonium, will be returned to foreign clients as mixed oxide (plutonium-uranium, MOX) fuel, but the United Kingdom has not yet determined a strategy for disposition of the approximately 100 tons of plutonium that will have been separated from domestic spent fuel. 44 In France, reprocessing for weapons started in 1958 and ended in 1993. 45 Since then, it has been a civilian program with both domestic and foreign customers. France has accumulated over 80 tons of separated plutonium, 30 tons of which is foreign-owned. Almost all of the foreign spent fuel under contract has been reprocessed, and only minor new contracts have been signed. The economic burden of reprocessing is increasingly a concern to France's national electric utility. As in the United Kingdom, reprocessing has left a large environmental and cleanup legacy.
China is developing a civilian plutonium complex. Its long-delayed pilot reprocessing plant at the Yumenzhen site, in Gansu Province with a design capacity of 50 tons/yr, is reported to have been completed and to be undergoing testing prior to start up. 46 China's National Nuclear Corporation has also agreed with the French company AREVA on feasibility studies for the construction of a large commercial reprocessing and MOX fuel fabrication facility complex in China. 47 
STATUS OF PRODUCTION FACILITIES WORLDWIDE
The first uranium-enrichment plants were built to produce HEU and the first reactors were built to produce plutonium-both for weapons. Today, the civilian nuclear sector vastly exceeds the nuclear-weapon sector in terms of the numbers of fuel cycle facilities and fissile-material production capabilities. There are currently 22 enrichment and 18 reprocessing plants located in 13 countries, excluding R&D and pilot-scale facilities. Seven enrichment or reprocessing facilities in nuclear weapon states are under international safeguards. There are currently 15 facilities that have not been offered for safeguards. Tables 3 and 4 show, respectively, the status of known uranium enrichment plants and reprocessing plants worldwide.
Aging and no-longer-operating fissile material production facilities in the nuclear weapon states continue to be closed down and in some cases dismantled.
In April and June 2008, Russia shut down its two remaining operating plutonium-production reactors at the Seversk/Tomsk-7 site. 48 The two reactors, ADE-4 and ADE-5, had been operating since 1965 and 1968, respectively, each producing about 0.5 tons of weapons plutonium per year, as well as electricity and steam for district heating. 49 Russia's last remaining plutonium production reactor (ADE-2), at the Zheleznogorsk/Krasnoyarsk-26 site, is expected to shut down 2010 when a replacement coal-fired plant is completed. The spent metal fuel used in the three reactors could not be safely stored for more than a few months without serious corrosion and was reprocessed.
Since 1994, the 18 tons of weapon-grade plutonium separated from the fuel of the three production reactors has been stored (10 tons in Seversk and 8 tons in Zheleznogorsk) under an agreement with the United States, and committed not to be used for weapon purposes. Rosatom plans to consolidate all this plutonium in underground storage in Zheleznogorsk. 50 Nine tons of the plutonium oxide is included in the 34 tons that Russia has committed to dispose of in MOX under the Russian-U.S. Plutonium Disposition Agreement. In 2008, as a transparency measure, the French president invited international observers to witness the dismantlement of the Marcoule reprocessing plant and the Pierrelatte gaseous diffusion enrichment. 52 These military facilities had been in operation since 1958 and 1967 and were shut down in 1996. Decontamination and decommissioning of these facilities is expected to take several decades. In 2007, the cooling towers of the eight dual-purpose British Calder Hall and Chapelcross reactors were demolished. 53 The reactors had been used for both electric-power production and off and on for military plutonium production, which ended in 1989. 54 The two groups of reactors were shut down in 2003 and 2004, respectively.
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In October 2007, North Korea committed to end its nuclear weapon program, declare all its nuclear activities, and disable its Yongbyon plutonium-production reactor and the associated fuel-fabrication plant and reprocessing plants by the end of the 2007. The cooling tower of the Yongbyon reactor was demolished in June 2008. 55 
CONCLUSION
There are currently nine states with nuclear weapons. The largest arsenals are held by the United States and Russia, each of which has about 10 times as many weapons as the others combined.
The United States, United Kingdom, Russia, North Korea, France, and China have all stopped production of fissile materials for weapons. All but China have made official statements to that effect. Production is believed to be continuing in India and Pakistan, and possibly in Israel.
The global stockpile of highly enriched uranium (HEU) is estimated to be 1,670 ± 300 tons. It is declining, as the combined rate of blend-down by Russia and the United States of HEU to low-enriched uranium (LEU) for use in light water power reactor fuel is significantly greater than the combined annual production of HEU for weapons by Pakistan and for naval fuel by India. Both Pakistan and India may be trying to increase their rate of HEU production. There is growing evidence that Israel may have acquired up to 100 kg of HEU from the United States for its nuclear weapons program.
France, Russia, the United Kingdom, and the United States use HEU to fuel submarines and ships, and India is planning to begin sea trials of a nuclearpowered submarine. It is estimated that the United States uses two tons of weapon-grade HEU per year for naval propulsion whereas Russia uses about one ton (not all of which is weapon-grade). The United States has reserved 128 tons of HEU for naval fuel, but in 2008, the U.S. Senate required the navy to study the use of LEU fuel for future nuclear-powered ships. France has already been switching to LEU fuel for its nuclear navy.
HEU is also used as a research-reactor fuel in more than 130 civilian and military reactors, with almost 100 metric tons distributed worldwide in active and shut-down facilities. The annual consumption of HEU by research reactors has fallen to about 800 kilograms of HEU per year largely because of the shutdown of about 110 research reactors. Almost 60 additional reactors have been converted to low-enriched fuel.
The global stockpile of separated plutonium is about 500 tons, about half of which is civilian. Only India and Pakistan and perhaps Israel are believed to be producing plutonium for weapons, at a combined rate of less than 60 kg per year. This rate will increase substantially when Pakistan completes its two new production reactors at Khushab and if India uses its prototype fast breeder reactor, which is scheduled to come online in 2010, for the production of weapons plutonium. The civilian stockpile is, however, growing much faster, at almost 5 tons a year. This rate will increase once the U.K. Thorp facility resumes operation, Japan's Rokkasho reprocessing plant begins commercial operation and China begins to operate its new civilian reprocessing plant at Yumenzhen.
The Cold War arms race has left the United States and Russia with very large nuclear arsenals and fissile material stocks. Both have declared as excess to weapons requirements or for naval fuel some of the highly enriched uranium and plutonium they produced for weapons. The United States and Russia continue to blend down the 210 and 500 tons, respectively, of HEU that they have declared excess. The United States and Russia, however, have yet to begin eliminating the 34 tons of weapons plutonium each declared as excess.
Former production facilities continue to be taken out of service. In 2008, the two plutonium production reactors at Seversk, Russia, were finally shut down. The last remaining Russian production reactor is be shut down in 2010. France, meanwhile, has started to dismantle its military fissile material production facilities at Marcoule and Pierelatte, whereas the United Kingdom and North Korea have demolished key components of former production reactors.
New military facilities are under construction or planned in Pakistan and India. But the largest growth in capacity is in new civilian enrichment plants that are planned to be built in the United States and France. Despite their civilian status, many current and planned enrichment facilities in the United States may not be safeguarded by the International Atomic Energy Agency.
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